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Nanofluids have been receiving increased attention worldwide and various research
groups have tried to engage it within heat pipes systems to study the subsequent thermal
enhancement. The observations based on the reviewed literature showed that the theo-
retical investigations on nanofluids in heat pipes are very few and hence validating the
experimental findings is difficult.
In this paper, a two-dimensional numerical model is developed to study the thermal
performance of a packed sphere heat pipe utilizing nanofluids due to the recent devel-
opment of nanofluids and porous media structures. Two of the most common nano-
particles, namely Al2O3 and CuO based water are considered. The substantial change in the
heat pipe thermal resistance, liquid pressure, axial and radial velocities profiles in pre-
sence of suspended nanoparticles within the base fluid are discussed. The effect of particle
size on the thermal performance of the heat pipe is also investigated. Results showed that
Al2O3 nanofluid slightly outperformed CuO nanofluid heat pipes especially with de-
creasing nanofluid particle diameter. It was found that reduction of 68% on thermal re-
sistance can be obtained for 9% CuO nanofluid concentration level which trend to reach
20% without significant shear stress effect. Nanofluid based heat pipe is able to dissipate
up to 26% more heat without experiencing an increase in the wall temperature and an
optimal nanofluid concentration level and diameter are found to better heat pipe per-
formance.
& 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Heat pipe cooling technology is currently spreading out for many applications: e.g., electronic cooling, solar energy, air
conditioning systems, space applications, telecommunications, food industries, geothermal systems, building etc.
A limiting factor for the heat transfer capability of a heat pipe is related to the working fluid transport properties. Indeed,
the lower thermal conductivity of these working fluids limits the thermal performance enhancement of the heat pipes. In
order to overcome this limitation, the thermo-physical properties of the fluid must be improved. An innovative way to enhance
liquid thermal conductivity is the dispersion of highly conductive solid nanoparticles within the base fluid. Thus, the mixture
will have a higher overall thermal conductivity since the thermal conductivity of solid materials is higher than fluids.
Nowadays, nanofluids have gained international attention. Nanofluids are produced by suspending nanoparticles withan open access article under the CC BY-NC-ND license
.
ahim), Abdelmajid.jemni@enim.rnu.tn (A. Jemni).
Nomenclature
A surface area [m2]
Cp specific heat [J/kg K]
hfg latent heat of vaporization [J/kg]
K wick permeability [m2]
k thermal conductivity [W/m K]
keff effective thermal conductivity [W/m K]
klayer nanolayer thermal conductivity [W/m K]
L length [m]
P pressure [Pa]
Q heat input [W]
r cylindrical coordinate [m]
rp nanoparticles radius [m]
r0 heat pipe's outer radius [m]
rw heat pipe's wick radius [m]
ri heat pipe's vapor core radius [m]
u axial velocity component [m]
v radial velocity component [m/s]
w nanolayer thickness [nm]
z axial coordinate [m]
Greeks
φ nanoparticle concentration
ε wick porosity
μ dynamic viscosity [N s/m2]
ρ density ⎡⎣⎢
⎤
⎦⎥kgm3
Subscripts
eff effective
in input
l liquid
nf nanofluid
pe particle
s solid
sat saturation
0 reference
T. Brahim, A. Jemni / Case Studies in Thermal Engineering 8 (2016) 311–321312average sizes below 100 nm in traditional fluids such as water and ethylene glycol, providing new working fluids that can be
used in heat pipes.
The research on application of nanofluids in heat pipes was firstly published in 2003 [1].
Recently, many researchers have presented the heat transfer characteristics of heat pipe using nanofluids. Most of the
research works are carried out experimentally to focus on finding out the key factors affecting the reliable application of
nanofluids in the heat pipes. The type, size of heat pipes and operating conditions of heat pipes, the kind of the base fluids,
the material and size of nanoparticles all varied in very wide ranges among these experiments.
Different nanoparticles have been utilized within the heat pipe working fluid [2–9]. The improved thermal performance
is observed through a reduction in thermal resistance [10,11], a drop in the temperature gradient along the heat pipe [12,13]
and an increase in the heat pipe efficiency [14]. Wang et al. [15] investigated the operation characteristics of a cylindrical
miniature grooved heat pipe using aqueous CuO nanofluid as the working fluid. Result show that the total heat resistance
and the maximum heat removal capacity of a heat pipe containing CuO nanofluids decreased by 50% and increased by 40%
respectively, compared with a heat pipe containing water. Results also revealed that the start-up time of a heat pipe using
CuO nanofluid was significantly reduced.
The thermal performance of a cylindrical heat pipe containing different nanofluids as Al2O3, CuO and TiO2 was studied by
Shafai et al. [16]. The effect of nanofluid in their analytical study applied by using the mathematical model of effective heat
conductivity; introduced by Yu and Choi [17,18]. Results reveal that nanoparticles in the liquid enhanced the thermal
performance of the heat pipe by reducing the thermal resistance and enhancing the maximum heat load. Smaller nano-
particles have a more pronounced effect on the temperature gradient along the heat pipe. Also they have proven that there
is an optimum mass concentration which restricts the amount of removed heat load.
The effect of Copper particles with average particle size of 80–90 nm on the thermal performance of a heat pipe operated
with nanoparticle screen mesh wick was studied by Soloman et al. [19,20]. A copper heat pipe of outer diameter 19.5 mm
and length 400 mm respectively is investigated at three different heat inputs. Their experimental results indicate that the
total resistance of heat pipe is decreased by 19%, 15% and 14% at heat inputs as 100 W, 150 W and 200 W respectively..
Reji Kumar et al. [21] experimentally investigated effects of using 0.1% mass concentration Al2O3-DI (De-ionized) water
nanofluid on the heat transfer performance of heat pipe. The heat pipe was tested for various angle of inclination, different
fill ratio and for different heat inputs. The results were recorded for the thermal performances of the cylindrical heat pipe
under various operating parameters. The temperature gradient along the heat pipe axis increases with increase in heat input
and the temperature difference across the condenser and evaporator section is larger.
Alizad et al. [22] used flat-shaped heat pipes with CuO, Al2O3, and TiO2 nanofluids to investigate their transient behavior
and operational start-up characteristics. Their results show that a higher concentration of nanoparticles increased the
thermal performance of both flat-plate and disk- shaped heat pipes.
Hung et al. [23] studied the enhancement of the thermal performance of a heat pipe charged with Al2O3 Water-based
nanofluid with three concentrations as 0.5%, 1.0%, and 3.0% by weight in heat pipes. The heat pipes in this study are a
straight copper tube with an outer diameter of 9.52 mm and different lengths of 300 mm, 450 mm and 600 mm respec-
tively. Their experimental results indicate that at heating power of 40 W, the optimal thermal performance for Al2O3/Water
nanofluid heat pipes measuring 300 mm, 450 mm and 600 mmwas 22.7%, 56.3% and 35.1% respectively, better than that of
T. Brahim, A. Jemni / Case Studies in Thermal Engineering 8 (2016) 311–321 313pipes using distilled water as working fluid. They also stated that the thermal performance of the heat pipe decreases with
nanoparticle volume concentration at the concentrations higher than the optimum. It is due to the fact that the high
concentrations of nanoparticles lead to high water absorption, which in turn facilitates forming a coating layer through the
sedimentation of nanoparticles on the surface of the evaporation section.
Moraveji et al. [24] experimentally investigated the effect of using 35 nm Al2O3/water nanofluid on the thermal efficiency
enhancement of a heat pipe. The heat pipe was made of a straight copper tube with an outer length of 8 and 190 mm and a
1 mmwick-thickness sintered circular heat pipe. They highlighted the influences of the nanoparticle concentration level on
the temperature difference between the evaporator and condenser under various input powers. They reported that by using
nanofluid as a working fluid, the heat pipe can be operated under a larger heat load and observed that the thermal re-
sistance of the heat pipe decreased with volume fraction for different concentration of Al2O3. They explained one of the
main reasons for reducing the heat pipe thermal resistance as follows. The suspended nanoparticles tend to bombard the
vapor bubble during bubble formation to create a smaller bubble nucleation size with a lower thermal resistance.
Senthilkumar et al. [25] discussed about the thermal efficiency enhancement of the heat pipe different inclinations,
based on the ratio of cooling capacity rate of condenser fluid at the condenser section and the supplied power at the
evaporator section regarding 40 nm-Cu/DI-water nanofluid as the working fluid (40 ml). Experimental results showed that
the thermal efficiency of the heat pipe enhances about 10% using copper nanofluid and the heat pipe thermal efficiency
increases with increase in inclination of the heat pipe up to 30° for DI water and 45° for copper nanofluid.
An analytical model based on the startup model presented in Zhu and Vafai [26] for investigating the impact of using
different types and concentrations of nanofluids on reducing the size and thermal resistance of the flat-shaped heat pipes
under a given imposed load. Their model indicated a clear effect of the nanoparticle material on the decrease of the thermal
resistance. The results obtained in this work were in agreement with the experimental results.
In recent years, nanofluids have attracted more attention for cooling and heating in various geometries because of re-
markable increase in effective thermal conductivity of base fluid. The uses of nanofluids are usually considered in regular
and optimization considerations [27–30].
Hajmohammadi et al. [31] carried out a numerical study on laminar boundary layer flow of nanofluid (Cu-water and Ag-
water) over a permeable flat plate with convective boundary condition. They investigated for first time the effect of type of
nanofluid, concentration of nanoparticles and permeability of flow on skin friction and heat transfer coefficients. Their
results indicated that the convective heat transfer rate is augmented by increasing nanoparticles concentration for case of
injection and impermeable surface while in the case of suction, adding Cu and Ag particles reduces the convection heat
transfer coefficient at the surface. A new technique is proposed also by Hajmohammadi et al. [32] to enhance the heat
transfer from a discretely heated pipe to a developing laminar fluid flow. The proposed technique consists in heating the
fluid with stepwise distributed heat flux, namely by placing insulated segments between the heated segments. Applying this
technique, the effective length of the thermal entrance region is enlarged and minimizing therefore of the hot spot (peak)
temperature of the pipe wall.
The observations based on the reviewed literature showed that the theoretical investigations on nanofluids in heat pipes
are very few and hence most of the research works are carried out experimentally to focus on finding out the key factors
affecting the reliable application of nanofluids in the heat pipes. The type, size of heat pipes and operating conditions of heat
pipes, the kind of the base fluids, the material and size of nanoparticles all varied in very wide ranges among these
experiments.
The focus of the present work is to model numerically the influence of a nanofluid on the thermal performance of a heat
pipe under various heat inputs and with different nanoparticle sizes. Two of the most common nanoparticles namely CuO
and Al2O3 are considered. Following the analytical model done by Shafai et al. [16] and the numerical code developed in the
previous works [33,34]. The affect of the nanofluid volume fractions on the thermal resistance, velocity and pressure dis-
tribution within a sintered copper cylindrical heat pipe is investigated.2. Numerical model
The schematic of the heat pipe used is given in Fig. 1. The porous media is assumed to be isotropic and homogeneous,
saturated with the fluid which have constant physical properties at local thermal equilibrium with the wick structure. The
flow in the porous media is described by Darcy-Brinkman-Forchheimer model which accounts for the boundary and inertial
effects. Due to the complex geometric configuration in the porous media, the flow becomes very complicated and some kind
of averaging is necessary to make the problem tractable mathematically.
Following the analysis given by Vafai and Tien [35], a volume averaged method is used. The governing equations for the
liquid flow and heat transfer in the wick structure are:
Conservation of mass:
∂
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Momentum equation in the radial direction:
Fig. 1. Schematic of a cylindrical heat pipe under consideration.
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is the effective thermal diffusivity in the porous media. Where u, and v are the axial and radial velocity
components, respectively. K is the effective pore diameter, CF is the Ergun's constant which took approximately equal to
0.55. keff is the effective thermal conductivity of the saturated wick composed of copper packed sphere [36].
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The subscript “s” accounts for the properties of the solid material of the wick and subscript “nf” for the properties of the
working fluid. Boundary conditions considered are:
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where the injection velocity ( )v zi is the velocity which couples the vapor and the porous regions at the interface and defined
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The effective nanofluid density and the heat capacity depend on the volume fraction φ of the nanoparticles used and
given by Santra et al. [37] for both alumina and copper nanofluids.
( )ρ φ ρ φρ= − + ( )1 10nf f s
( )φ φ= − + ( )C C C1 11Pnf Pf Ps
The dynamic viscosity of the nanofluid is given by Brinkman [38] as follows:
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The nanofluids tested are composed of solid sphere nanoparticles of rp¼50 nm radius mixed with water. The effective
thermal conductivity of copper nanofluid has been calculated using the correlation given by [16,17].
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adsorption layer given Langmuir formula [39]. M is the molecular weight and NA the Avagadro's number.
kp and klayer are the thermal conductivities of the nanoparticle and nanolayer, respectively.
For vapor region we consider that ε = 1 and K→∞.
The boundary conditions for vapor region are as following:
At both heat pipe ends:Fig. 2. Liquid axial and radial velocities in wick with reference to various particle concentration levels.
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The temperature at the vapor-liquid interface of the evaporator and condenser is calculated using Clausius-Clapeyron
equation:
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In the wall region only by heat conduction equation is considered:
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In other hand, at the surface of the outer wall, a constant heat flux is imposed and extracted in/out the evaporator and
the condenser regions.
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inFig. 3. The effect of nanoparticle concentration levels on the liquid pressure distribution an wall heat pipe temperature profile.
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The simulations were done for a reference heat pipe pressure of = × −P 1.0197 10 N/m0 5 2 and reference saturation tem-
perature T0¼373 K. Tube's radius for wall, wick and vapor region are respectively: r0¼0.021 m, rw¼0.021 m, ri¼0.021 m.
Total heat pipe length, evaporator and adiabatic lengths are respectively: L= = =L L1 m, 0.6 m, 0.2 me a . Wick permeability,
porosity and thermal conductivity are respectively: K ε= × = = =− k d0.1424 10 m , 0.46, 387.6 , 40 nms p10 2
W
mK
, Q¼600 W.
Fig. 2 shows the mean axial and liquid velocities changes with reference to different nanoparticle concentrations for both
CuO and Al2O3 nanofluids. A slower liquid flow through the wick structure is observed when increasing the nanoparticle
concentration within the working fluid due to the increase in fluid density by adding more nanoparticles. For 8% particle
concentration the axial liquid velocity decreases by 30.8% for CuO nanofluid and by 20% for Al2O3 nanofluid. The observation
made is that, the liquid velocity is linear proportional to the nanofluid density and slower axial liquid velocity results to the
reduction in radial velocities in both evaporator and condenser regions.
Fig. 3 displays the effect of nanoparticles on liquid pressure distributions. With respect to the liquid pressure, it can be
seen that the pressure gradient decreases as the concentration of the nanoparticles increases. Density effect prevails leading
to a smaller pressure drop. However, when increasing nanofluid concentration level upon a certain value, the viscosity
overcomes the density effect resulting in a larger liquid drop and shear stress. This behavior is due to the opposite roles
played by density and viscosity, both growing with particle concentration in the liquid. This can clearly observed for Al2O3
nanofluid when the concentration increases beyond 5% as revealed in the analytical model of Shafai et al. [15]. For CuO
nanofluid the concentration level trend to reach a specific value which is 20% without significant shear stress effect. In the
wick region, Van der Waals forces among nanoparticles made them to conglomerate or cluster, stick to the wick and deposit,
partially. The consequence of such phenomena is the variation of nanofluid concentration during the time which may result
in some irregularities. The choice of the wick structure can have an effect on heat transfer within the heat pipe.
Fig. 3(b) and (d) illustrate the temperature changes with reference to different nanoparticle concentration. By increasing
the nanoparticle accumulation a lower temperature difference between evaporator and condenser can be observed owing toFig. 4. Effect of nanoparticle concentration on the thermal performance of a heat pipe under various heat input and for different particle diameters:
dp¼10 nm and dp¼20 nm.
Fig. 5. The effect of different nanoparticle concentration levels on the heat pipe thermal resistance. (a) dp¼10 nm; (b) dp¼40 nm.
T. Brahim, A. Jemni / Case Studies in Thermal Engineering 8 (2016) 311–321318the less heat flux accumulation on the wall and then higher heat flux passes through wick layer as the fluid thermal
conductivity increases. The figure clearly highlights the positive impact of increasing nanoparticles concentrations on the
thermal performance of the heat pipe. Indeed, for a 4% particle concentration, the temperature gradient is reduced by about
5% CuO and Al2O3 nanofluid as mentioned in [15]. The effective thermal conductivity of the system is increased by shrinkage
the particle size owing to the less heat flux accumulation on the wall since the local temperature rise in evaporator section is
reduced. Additionally the increase in adiabatic and condenser sections temperature is due to the higher amount of heat
which is transferred. Also the formation of thin porous coating layer produced by the nanoparticles in the evaporationFig. 6. Heat pipe thermal resistance with reference to various particle sizes and concentration levels.
Fig. 7. The effect of nanoparticle concentration levels on the vapor pressure distribution.
T. Brahim, A. Jemni / Case Studies in Thermal Engineering 8 (2016) 311–321 319region improves the surface wet ability by reducing the contact angle and increasing the surface roughness, which in turn
increases the critical heat flux and it significantly reduces the thermal resistance of the heat pipe using nanofluids.
Fig. 4 shows the effect of particle concentration levels on the thermal performance of the heat pipe. The figure shows that
increasing the particle concentration decreases the temperature difference between the evaporator and condenser regions.
Moreover, the temperature difference decreases with a reduction in particle diameter. It can be seen that for a constant
temperature difference between condenser and evaporator the use of a nanofluid as the working fluid allows the heat pipe
to operate under a larger heat load. A nanofluid based heat pipe is able to dissipate up to 26% more heat without experi-
encing an increase in the wall temperature.
Fig. 5 shows the influence of different nanoparticle concentration levels for two particle sizes on the heat pipe thermal
resistance defined as ( )̅ − ̅ −⎡⎣ ⎤⎦Q T T/ e c 1. It can be seen that increasing the nanoparticle concentration decreases the heat pipe
thermal resistance and provides a better performance because of the higher amount of transmitted heat flux along adiabatic
and condenser sections. For example a 75% reduction in the thermal resistance ratio is obtained for a 4% Al2O3 nanoparticle
concentration level at nanoparticle size of 10 nm. The figure reveals that Al2O3 nanofluid heat pipe perform better CuO
nanofluid heat pipes as particles concentration level increases.
Fig. 6 clearly highlights that by decreasing the particle size within the fluid, the heat pipe thermal resistance ratio
reduces and no significant thermal ratio difference showed between the two nanofluids. The reason for this reduction can
be explained by the higher velocity of smaller particles which enhances the likelihood of fragments collision. The higher rate
of impact among the particles causes a quasi-convection state to be formed between the bulk fluid molecules and nano-
particles and hence the overall thermal conductivity of the fluid was improved.
Fig. 7 displays the effect of nanoparticles concentration level on vapor pressure distributions. The vapor pressure drop
increases when particle concentration increases. This is due not only to the changes in the physical properties of vapor. In
fact, the operating temperature decreases with increasing volume fraction, vapor density decreases which causes higherFig. 8. The effect of nanoparticle diameter on the vapor pressure distribution.
T. Brahim, A. Jemni / Case Studies in Thermal Engineering 8 (2016) 311–321320vapor speed and pressure drop. Increasing volume Concentration of nanoparticles increases the pressure drop of Nanofluids.
Fig. 8 reveals the effect of particle size on the vapor pressure distribution for the volume fraction of 4%. Results show that
vapor pressure increases as the particle diameter decreases due the decreasing of the temperature gradient as mentioned in
Fig. 4. However, an optimal diameter can be obtained and then maximum heat load can be achieved for the heat pipe.
Indeed, diameter of 20 nm can be chosen since increasing particle size greater than this diameter has no significant effect on
the vapor pressure drop. Increasing size of nano-particles led to decreasing in heat transfer because area per unit volume
decreases.4. Conclusion
The recent development of nanofluids, or fluids consisting of a conventional heat transfer base with nanometer-sized
oxide or metallic particles suspended within, offers the exciting possibility of increased heat transfer rates over conventional
systems.
In this paper, the thermal performance of a cylindrical heat pipe was numerically simulated in presence of water based
nanofluid using a two dimensional proper numerical model. A packed sphere wick is used for the heat pipe porous structure
and the effect of nanofluid concentration levels on the on heat pipe wall temperature distribution, thermal resistance; liquid
pressure and liquid velocities were explored. Results showed the positive influence of nanofluid utilizing as a heat pipe
working fluid on the system thermal performance. It was found that reduction of 68% on thermal resistance can be obtained
for 9% CuO nanofluid concentration level. For CuO nanofluid the concentration level trend to reach a specific value which is
20% without significant shear stress effect. An optimal diameter can be obtained and then maximum heat load can be
achieved for the heat pipe. Indeed, diameter of 20 nm can be chosen since increasing particle size greater than this diameter
has no significant effect on the vapor pressure drop.
Both liquid axial and radial velocities in the wick structure decreases as the particle concentration level increases. Results
also reveal that an optimal nanofluid concentration level and particle size can be obtained in producing the maximum heat
transfer. Therefore, it is expected that the thermal performance of heat pipe will be enhanced. The heat transfer enhancement
of a heat pipe using nanofluids is not only due to the thermo physical properties of nanofluids but also due to the formation of
thin porous coating layer produced by the nanoparticles in the evaporation region. The coating layer formed by the nano-
particles improves the surface wet ability by reducing the contact angle and increasing the surface roughness, which in turn
increases the critical heat flux and it significantly reduces the thermal resistance of the heat pipe using nanofluids.References
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